phedra-containing products once represented a large share of the U.S. market for dietary supplements (1) until concerns about their safety were raised, and they were ruled as adulterated by the U.S. Food and Drug Administration (FDA) in February 2004 (2) . Before the ruling in 2004, FDA had concerns about the safety of ephedra-containing products and had proposed a regulation in 1997 to set dosage limits (3, 4) . In late 2001, FDA began working with the National Institute of Standards and Technology (NIST) and the National Institutes of Health's Office of Dietary Supplements (NIH/ODS) to produce a suite of 5 ephedra-containing Standard Reference Materials (SRMs) against which analytical methods could be validated and the accuracy of analytical results could be judged (5) . This paper describes the acquisition of materials for preparation and value assignment of the SRMs in the suite: SRMs 3240 Ephedra sinica Stapf Aerial Parts, 3241 E. sinica Stapf Native Extract, 3242 E. sinica Stapf Commercial Extract, 3243 Ephedra-Containing Solid Oral Dosage Form, and 3244 Ephedra-Containing Protein Powder. Materials in this suite of SRMs are intended for use as primary control materials when values are assigned to in-house (secondary) control materials and for validation of analytical methods for the measurement of alkaloids, toxic elements, and, in the case of SRM 3244, nutrients in similar materials. Analytical methods used by NIST and by collaborating laboratories participating in the value-assignment process for alkaloids in this suite of materials have been described elsewhere (6) (7) (8) (9) (10) . Complete details of the value assignment process for the ephedrine alkaloids are provided by Sander et al. (8) . Assigned values for toxic and some other elements (Cr in SRM 3243, nutrients in SRM 3244) were determined by using results obtained by NIST and by collaborating laboratories. Assigned values for additional elements, proximates, fatty acids, and amino acids in SRM 3244 were obtained by using data provided solely by the collaborating laboratories. Values for this suite of SRMs were assigned through measurements by NIST and collaborating laboratories and were designated as certified, reference, or information. (The value assignment scheme is depicted in Figure 1 .) A NIST-certified value is a value for which NIST has the highest confidence of its accuracy in that all known or suspected sources of bias have been fully investigated or taken into account (11) ; certified values were provided for analytes that were measured by both NIST and the collaborating laboratories. NIST reference values represent a best estimate of the true value for which all known or suspected sources of bias have not been fully investigated; reference values have associated uncertainties that may not include all sources of uncertainty and may represent only a measure of the precision of the measurement method(s) (11) . Reference values may be assigned if no NIST data are available, or if sources of bias in NIST measurements have not been fully resolved (11) ; reference values for these materials were provided for analytes measured only by the collaborating laboratories or for which there is less assurance as to analyte integrity or greater variability in results. NIST information values may be provided for analytes that may be of interest to the SRM user, but for which insufficient information is available to assign the uncertainty associated with the value (and therefore, typically, no uncertainty is reported; 11); information values were provided for 3 low-level ephedrine alkaloids in SRM 3244.
Source Materials and Processing
Sufficient material to prepare nominally 12 500 bottles of each of the 5 SRMs was acquired as follows:
A Co. Approximately 100 kg dried powdered plant material was shipped to NIST in 5 drums and processed as the powdered botanical raw material (SRM 3240). A prebottling analysis of the 5 drums of material indicated that the material was not uniformly blended. The material was blended by combining it in 2 drums-one containing the contents of 3 of the original drums and the other containing the contents of 2. These drums were rolled; then the material was transferred from drum 1 to drum 2 and rolled again; material was transferred from drum 2 to drum 1 and rolled, etc. Following this process, analysis for ephedrine showed that the material was sufficiently blended at the 1.5 g level.
While still in China, a portion of the plant material was extracted with hot water under pressure, and the resulting extract was used in the production of the "native extract" and the "commercial extract". The water extract was filtered, concentrated, and spray-dried to produce the native extract (SRM 3241), which is a 14-fold concentrate of the plant material. A second portion of the water extract was filtered, concentrated, and then fortified with ephedrine to yield nominally 8% total ephedrine alkaloids before spray drying to produce the commercial extract (SRM 3242). Approximately 15 kg of each of the extracts was shipped to NIST. Prebottling analyses for ephedrine indicated that the contents of the 2 individual drums containing each of the 2 extracts were uniform at the 280 mg level, and no additional blending was performed.
Both SRM 3243 Ephedra-Containing Solid Oral Dosage Form and SRM 3244 Ephedra-Containing Protein Powder were prepared from several brands of commercially available products that were purchased in the U.S. marketplace. To obtain material from several production lots of each brand, materials were purchased from more than one vendor. Materials for SRM 3243 were ground and sieved at NIST. A 36.0 cm diameter Teflon disk mill set was operated at room temperature. Ephedra-containing tablets were arranged around the inside of the mill, which contained a concentric Teflon ring and a Teflon puck (12) . The mill was placed on a shaker for 6 min, and the tablets were ground to a fine powder. Individual brands of materials were ground separately and were sieved by using a 177 mm (80 mesh) stainless steel sieve on an automatic shaker. Material from each brand that did not pass through the 177 mm sieve was reground by following the same protocol as described above. Some component materials of SRM 3243 were purchased in capsule form; the capsules were emptied, and the capsule contents were sieved as described above. Materials that did not pass through the sieve were ground and sieved again. Materials were ground/reground a total of 3 times. Component materials for SRMs 3243 and 3244 were separately blended for 20 min by using a V-blender; prebottling analyses for ephedrine indicated that the materials were uniformly blended at the 1.5 and 10 g levels, respectively.
Bottling
The suite of SRMs was bottled by using a Micro 109 bottling apparatus (Actionpac Scales, Ventura, CA), which used a vibrating hopper to fill the bottles. Bottles were flushed with nitrogen before introduction of the SRMs. SRM 3240 (5.1 ± 0.1 g) was packaged in 30 mL amber high-density polyethylene bottles with polypropylene screw caps. SRMs 3241 and 3242 (1.3 ± 0.1 g) were packaged in 7.5 mL bottles of the same type; SRM 3243 (2.6 ± 0.1 g) was packaged in bottles of the same size. SRM 3244 (12.6 ± 0.1 g) was packaged in a 30 mL bottle of the same type. The bottling operation-filling and capping the bottles-was a manual operation.
Irradiation
As noted above, SRM 3240 plant material was irradiated while still in China by using a 6 kGy dose of 
Value Assignment

Analytical Approach for Determination of Ephedrine Alkaloids
(Note: The methods listed do not replace current official methods used for enforcement purposes.)
Value assignment of concentrations of ephedrine alkaloids in the 5 materials was based on the combination of measurements from different analytical methods at NIST and at 3 collaborating laboratories (NRCC, FDA, and ChromaDex) and is fully described elsewhere (8) . A total of 9 sets of measurements was used for value assignment of the concentrations of ephedrine alkaloids. NIST provided measurements by using a combination of 2 sample extraction procedures and 3 liquid chromatography (LC) methods with different detection techniques, i.e., ultraviolet (UV) absorbance spectrometry, mass spectrometry (MS), tandem mass spectrometry (MS/MS), and capillary electrophoresis (CE). NRCC provided results from 3 analytical methods: LC/UV, LC/MS/MS, and high-field asymmetric waveform ion mobility spectrometry (FAIMS). (FAIMS is a new MS technique that provides results without using a chromatographic separation; 7.) FDA results were based on LC/MS/MS (6), and ChromaDex results were based on LC/UV (9) . Two collaborating laboratories analyzed a minimum of 6 subsamples, one from each of 6 bottles or 2 from each of 3 bottles; one laboratory analyzed one subsample from 3 bottles of each of the 5 materials.
Analytical Approach for Determination of Caffeine, Synephrine, Theobromine, and Theophylline
Value assignment of concentrations of synephrine in SRM 3243 was based on the combination of measurements from 2 different analytical methods at NIST and at 2 collaborating laboratories. Synephrine was determined at NIST by using LC/MS/MS and LC/MS, at FDA by using LC/MS/MS, and at ChromaDex by using LC/UV.
Value assignment of concentrations of caffeine in SRMs 3243 and 3244 was based on the combination of measurements from 2 analytical methods at NIST and the method of one collaborating laboratory. Caffeine was determined at NIST by using LC/UV (13) and LC/MS/MS and at ChromaDex by using LC/UV. Theobromine and theophylline were determined at NIST in the same LC/UV analyses in which caffeine was determined (13) .
Analytical Approach for Determination of Trace Elements
Elements of primary interest for the 5 materials were the potentially toxic contaminants arsenic, cadmium, lead, and mercury. Value assignment of the concentrations of toxic trace elements in the materials was based on the combination of measurements at NIST obtained by using a single analytical method and results from one or 2 collaborating laboratories (NRCC and FDA). At NIST, instrumental neutron activation analysis (INAA) was used for the determination of arsenic; isotope dilution (ID) inductively coupled plasma mass spectrometry (ICP-MS) was used for the determination of cadmium and lead (14, 15) ; and ID cold vapor ICP-MS was used for the determination of mercury (16) . NRCC used ID ICP-MS for the determination of cadmium and lead and hydride generation graphite furnace atomic absorption spectrometry for the determination of arsenic. FDA provided results for cadmium, lead, and mercury by using ICP-MS. All collaborating laboratories analyzed a minimum of 6 subsamples (one from each of 6 bottles or 2 from each of 3 bottles) of the 5 materials.
Analytical Approach for Determination of Nutrients
Up to 3 sources of data were used to determine nutrients in SRM 3244. were determined by NIST, using LC with absorbance detection. Nutritive elements were determined by NIST, using inductively coupled plasma atomic emission spectrometry (ICP-AES). Nutritive and other elements, including boron, calcium, carbon, chlorine, gadolinium, hydrogen, iron, magnesium, nitrogen, phosphorus, potassium, samarium, silicon, sodium, sulfur, and zinc, were also determined by FDA, using prompt gamma activation analysis (PGAA; 17).
Calculation of Assigned Values
The equally weighted means of results submitted by NIST, FDA, NRCC, and ChromaDex were used for value assignment of alkaloids and toxic elements in the 5 materials, as appropriate. If a laboratory's results for a particular analyte disagreed with the other laboratories' results and were beyond 3 standard deviations from the mean of the other laboratories' combined data, then that laboratory's results for that analyte Each certified concentration value, expressed as a mass fraction on a dry-mass basis, is an equally weighted mean of the results from NIST and collaborating laboratories. The uncertainty in the certified value, calculated according to the method described in the ISO Guide (18) (19) (20) , is expressed as an expanded uncertainty. b Each reference concentration value, expressed as a mass fraction on a dry-mass basis, is the equally weighted mean of results provided by a collaborating laboratory. The uncertainty in the reference values, calculated according to the method described in the ISO Guide (18) (19) (20) , is expressed as an expanded uncertainty. c For the raw ingredients (plant and extract), mass fractions not to exceed (NTE) are as specified by the Standard. Mass fractions NTE for finished products were calculated from the maximum daily intake specified by the Standard and the maximum number of servings and serving sizes specified on the Supplement were not used. The NIST and FPA means were used to assign values for nutrient elements and 2 B vitamins in SRM 3244. The FPA mean was used to assign reference values for additional vitamins, proximates, individual fatty acids, and amino acids in SRM 3244; outliers were identified as described above. Reference values for additional elements were assigned by using FDA's PGAA data. Uncertainties in the assigned values were calculated according to the method described in the Guide of the International Organization for Standardization (ISO; [18] [19] [20] . The uncertainty for each value is expressed as an expanded uncertainty, U, calculated as U = ku c , where u c is intended to represent, at the level of 1 standard deviation, the combined effect of between-laboratory, within-laboratory, and drying components of uncertainty. (Deviations, e.g., incorporation of an inhomogeneity component in the uncertainty for caffeine in SRM 3243, are noted in the tables that follow.) The coverage factor (k) is determined from the Student's t-distribution corresponding to the appropriate associated degrees of freedom and approximately 95% confidence for each analyte.
Homogeneity Assessment
The homogeneity of ephedrine in SRMs 3240, 3241, 3242, and 3243 was assessed at NIST by using the LC/UV method results used for value assignment (8) . There was no trend in ephedrine data across bottles for 1 g test portions of SRM 3240. An analysis of variance (ANOVA) using measurements for ephedrine did not show inhomogeneity for a 0.3 g test portion of SRM 3241 and a 0.15 g test portion of SRM 3242. Other analytes in these 3 materials were treated as though they were homogeneously distributed, although homogeneity was not assessed. An ANOVA using LC/UV measurements for ephedrine showed homogeneity for a 1 g test portion of SRM 3243. The homogeneity of SRM 3243 for caffeine was assessed at NIST by using the LC/UV method results that were used for value assignment. An ANOVA of results for caffeine did show a mean bottle difference of 1.6% for 150 mg test portions, and an inhomogeneity component has been included in the expanded uncertainty for the caffeine. Other analytes in SRM 3243 were treated as though they were homogeneously distributed, although homogeneity was not assessed.
The homogeneity of SRM 3244 for selected elements was assessed at NIST by using the ICP-AES results used for value assignment. An ANOVA using NIST's measurements of Ca, Cu, Fe, K, Mg, Mn, Na, P, and Zn did not show inhomogeneity for 0.5 g test portions. An ANOVA using NIST's LC/UV measurements of caffeine (600-900 mg test portions) and vitamins B 2 and B 6 (2 g test portions) also did not show inhomogeneity. Other analytes in SRM 3244 were treated as though they were homogeneously distributed, although homogeneity was not assessed. a Each reference concentration value, expressed as a mass fraction on an as-received basis, is the mean of results provided by the laboratories participating in the FPA FIACS interlaboratory exercise. The uncertainty in the reference values, calculated according to the method described in the ISO Guide (18) (19) (20) , is expressed as an expanded uncertainty. b Amino acids were measured by 5 laboratories using a hydrolysis followed by derivatization and LC, and one laboratory using an amino acid analyzer.
Supplemental Information
Users of these materials may want assurance that the materials are taxonomically authentic and may want to compare a plant material's anatomy with those of other materials purported to be the same species. The voucher specimen from which SRM 3240 E. sinica Stapf was prepared has been archived. Microscopic studies of this material as well as SRM 3240 itself, and micrographs, photographs, and specimen data are available on the Missouri Botanical Garden's Website at http://www.mobot.org/MOBOT/ research/diversity/herbarium/compendium_model.aspx?id=3.
In addition to the analyses of the material described above, further characterization of SRM 3240 was provided by using LC with absorbance detection and thin-layer chromatography (TLC). A "fingerprint" chromatogram ( Figure 2 ) from the analysis of SRM 3240 E. sinica Stapf Aerial Parts was created by using the method reported by Schaneberg et al. (21) . A 0.58 g test portion of the SRM was extracted with 6 mL acetone by sonication for 15 min. The slurry was centrifuged for 5 min and decanted. This procedure was repeated twice, and the 3 extracts were combined and evaporated to dryness. The extract was reconstituted in ethanol, and analyzed by gradient elution LC using a 4.6´150 mm, 5 mm particle size, C 18 column (XTerra RP 18 ; Waters, Inc., Milford, MA) operated at 40°C, with UV absorbance detection at 320 nm (9) . Mobile phase conditions consisted of an initial 10 min isocratic separation with water-acetonitrile (75 + 25, v/v), followed by a linear gradient to 100% acetonitrile over 45 min. End conditions were held for 20 min, for a total run time of 75 min. The flow rate was 1 mL/min, and the injection volume was 10 mL.
Results and Discussion
All 5 materials in the suite of ephedra SRMs have values assigned for ephedrine and other alkaloids (Table 1) as well as toxic elements (Table 2 ). To make these materials more broadly useful, values have been assigned for additional alkaloids (caffeine, theobromine, theophylline, and synephrine), nutrients, and other elements (Table 3) , and other analytes of nutritional interest in SRM 3244, e.g., proximates, fatty acids, vitamins, amino acids (Tables 4-6 ), as appropriate. Thus, for example, SRM 3240 E. sinica Stapf could be used as a control material in the measurement of elements in some other type of plant material, and SRM 3243 Ephedra-Containing Solid Oral Dosage Form could be used as a control material in the measurement of caffeine in "diet pills".
Maximum recommended daily intakes of toxic elements from various sources are set by a number of parties, including the U.S. Environmental Protection Agency, the FDA, the World Health Organization, and the British Herbal Pharmacopoeia. NSF International has derived acceptable limits in dietary supplements from these sources and has specified them in NSF/ANSI Standard 173, Dietary Supplements, Product Formulation and Raw Materials (22) . A comparison of the certified and reference values for As, Cd, Hg, and Pb in the 5 ephedra-containing SRMs with these limits is provided in Table 2 . Daily intake limits were converted to a mass-fraction basis (mg/kg) by using the maximum daily intake specified by NSF Standard 173 and the maximum number of servings and serving sizes specified on the Supplement Facts panels of the SRM component products. Because the 2 extract SRMs (3241 and 3242) were prepared from the plant material that is SRM 3240, it is interesting to compare the change in levels resulting from the extraction process; note that arsenic is concentrated by this process, whereas the mass fractions of cadmium and mercury are lower than those in the starting material. Lead was not homogeneously distributed in SRM 3240; therefore, a value was not assigned. these 3 materials are 2-30% of the allowed maximum, with mercury and lead generally occurring at lower percentages than arsenic and cadmium. In the finished products, mercury was 0.3% of the maximum permitted level, whereas the other elements were found at 20-50% of the allowed maximum.
SRMs 3241 and 3242 were originally prepared as free-flowing powders. It became clear soon after the material was bottled that these materials did not maintain their powdery consistency in all cases. When the bottles are shaken, some material sounds granular rather than powdery, and some bottles contain solidified pellets of material. A number of causes for the conversion have been proposed: heat, moisture, and irradiation. However, the conversion has not been definitively attributed to any of these factors. As the bottles were filled, they were packaged in boxes of 100; a given bottle in the box may contain powder, although its neighbors are granular or pellets, implying that variability in atmospheric moisture during packaging cannot be the culprit. Material that was bottled but not irradiated has formed pellets, implying that irradiation did not cause the conversion. Ampoules of powder have been heated, and some have formed a pellet while others remain powder, implying that heating did not cause the conversion to a solid pellet. Fortunately-although perhaps not what one would intuitively expect-analyses of powder, lumps, and pellets for the ephedrine alkaloids yield equivalent results. Thus, although the problem has not been explained and results in an SRM with variable consistency in form, the conversion does not appear to cause analytical problems (aside from the difficulty of removing sample from the bottle!).
NIST has a number of food-matrix reference materials with values assigned for constituents of nutritional interest. This effort was driven largely by the requirements of the Nutrition Labeling and Education Act of 1990 (23). As shown in Figure 3 , reference materials have been developed for a wide range of food compositions (24) . Foods are positioned in this AOAC-developed triangle on the basis of their fat, protein, and carbohydrate content. One or 2 foods within each sector are expected to be representative of-and useful as control materials for analysis of-other foods within that sector (25, 26) . With materials available within, or on borders between, all sectors of this triangle, this effort has reached a natural conclusion, and there are no immediate plans to introduce new food-matrix SRMs directed at nutrition labeling. However, food-matrix materials that are developed for other purposes will also be characterized for nutrients. For example, the ephedra-containing protein powder, SRM 3244, which was mainly produced as a reference material for the ephedrine alkaloids, also has values assigned for nutrients. Thus, materials that might otherwise be important to a small sector of the analytical community can be made more broadly useful. The USDA has been including amino acid values in its nutrient databases for several years (27), and until the introduction of SRM 2387 Peanut Butter in 2003, NIST had no food-matrix SRMs available with values assigned for amino acids to provide quality assurance for these measurements. SRM 3244 is the second food-matrix SRM with values assigned for amino acids; the amino acid profiles of SRMs 3244 and 2387 are compared in Figure 4 . Amino acid values may be added to existing food-matrix SRMs over time so that materials for amino acid analyses are available in all relevant sectors of the triangle.
A comparison of the values used to calculate the certified value for calcium in SRM 3244 is provided in Figure 5 , and the values themselves are shown in Table 7 , for comparison. A similar plot for cadmium in SRM 3243 is provided in Figure 6 ; the raw data are not provided, but values were calculated similarly. (Cadmium and calcium were selected as examples because data were provided by NIST and all collaborative sources in each case.) In both cases, the means of the individual data sources were combined to provide the final assigned value. Because cadmium was below the limit of quantitation by PGAA, and the variability in the data was large, the PGAA data for cadmium were not used for value assignment.
Values are assigned in the ephedra materials for a number of elements that, although not classified as nutritive elements, are obviously essential components in biological systems, i.e., carbon, chlorine, hydrogen, and sulfur (Table 3) . Although animal data also suggest nutritional requirements for arsenic, boron, and silicon, as well, no biological function in humans has been identified (28) . Elemental profiles including these and other elements can also be used to identify the geographical origin of a material (29, 30) .
This suite of ephedra SRMs is the first in a series of dietary supplement reference materials being produced as part of an interagency agreement among NIST, NIH, and FDA. These SRMs and others in the series will be used to validate analytical methods and to judge the accuracy of analytical results. Other botanical-containing SRMs being produced include suites containing Ginkgo biloba, saw palmetto, bitter orange, green tea, and St. John's wort. In addition, a multivitamin/multielement tablet and oils containing b-carotene, tocopherols, and W-3 fatty acids are being characterized. Figure 6 . Comparison of data used to assign the value for cadmium in SRM 3243 Ephedra-Containing Solid Oral Dosage Form. Error bars for the FPA, PGAA, and NIST data represent 2 standard deviations of each mean. The error bar for the certified value represents the expanded uncertainty. These PGAA data were not used for value assignment because cadmium was below the limit of quantitation, causing the variability in the data to be large.
